i Individuals in areas of Plasmodium falciparum endemicity develop immunity to malaria after repeated exposure. Knowledge of the acquisition and nature of protective immune responses to P. falciparum is presently limited, particularly for young children. We examined antibodies (IgM, IgG, and IgG subclasses) to merozoite antigens and their relationship to the prospective risk of malaria in children 1 to 4 years of age in a region of malaria endemicity in Papua New Guinea. IgG, IgG1, and IgG3 responses generally increased with age, were higher in children with active infection, and reflected geographic heterogeneity in malaria transmission. Antigenic properties, rather than host factors, appeared to be the main determinant of the type of IgG subclass produced. High antibody levels were not associated with protection from malaria; in contrast, they were typically associated with an increased risk of malaria. Adjustment for malaria exposure, using a novel molecular measure of the force of infection by P. falciparum, accounted for much of the increased risk, suggesting that the antibodies were markers of higher exposure to P. falciparum. Comparisons between antibodies in this cohort of young children and in a longitudinal cohort of older children suggested that the lack of protective association was explained by lower antibody levels among young children and that there is a threshold level of antibodies required for protection from malaria. Our results suggest that in populations with low immunity, such as young children, antibodies to merozoite antigens may act as biomarkers of malaria exposure and that, with increasing exposure and responses of higher magnitude, antibodies may act as biomarkers of protective immunity.
I
n areas of malaria endemicity, immunity that protects from high (H)-density parasitemia and symptomatic disease develops over a number of years (1) . Knowledge of the precise nature of the protective immune responses to Plasmodium falciparum, in terms of the immune mechanisms, the specific target antigens, the nature of responses, and the rate of acquisition of immunity, has been sought, and while advances have been made, our current understanding is still limited (2, 3) . Past experiments involving the passive transfer of immunoglobulin from immune adults into P. falciparum-infected individuals provided strong evidence that antibodies (Abs) play an important role in mediating immunity and target the blood stages of infection (4) (5) (6) . Targets of antibodies include antigens expressed by the merozoite stage of the parasite, and these antibodies function by inhibiting merozoite invasion of red blood cells and by opsonizing merozoites for uptake by phagocytes and antibody-dependent cellular inhibition (7) (8) (9) (10) (11) (12) (13) (14) .
An important approach for identifying antigens as targets of protective immunity in humans is to assess the acquisition of antibodies and the association between antigen-specific responses and protection from symptomatic malaria in malariaexposed populations (3), particularly in longitudinal cohort studies that prospectively examine the relationship between antibody responses and different malaria-based outcomes over time (15) . Studies examining the protective associations for antibodies to merozoite antigens have reported various results (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Some have provided evidence supporting a role of specific antibodies in protection, whereas others have found little evidence of a protective role or even an increased risk of symptomatic malaria (15) . These differences may be explained by study design with respect to the age of participants, malaria transmission intensity, and the level of immunity in the populations (15, 25, 26) .
A further aspect of the complexity of efforts aimed at such identification is the presence of significant heterogeneity in P. falciparum transmission intensity (26) (27) (28) (29) (30) (31) , even within small geographical areas. This leads to different levels of P. falciparum ex-posure within populations and, therefore, impacts acquisition of immunity and risk of malaria. Understanding how these factors influence functional immunity is important for defining key targets of immunity; however, addressing these issues is challenging and new approaches and insights are needed. A recent study used a novel molecular method to define the number of new P. falciparum clones acquired over time (the molecular force of infection [ mol FOI]) (32) and demonstrated a strong relationship between this parameter and factors that influence heterogeneity in exposure within a population (e.g., seasonality, location, and the use of bed nets). Furthermore, mol FOI, as a marker of an individual's exposure to malaria, was the major predictor of clinical disease in a cohort of young children still actively acquiring immunity to P. falciparum (32) .
In populations where antibody levels have not yet reached thresholds that are predictive of clinical immunity, their close association with recent exposure may also make them good biomarkers of malaria risk as they may identify individuals with the highest level of exposure to Plasmodium infection and therefore those most at risk of developing symptomatic malaria. There is increasing interest in using antibodies specific for merozoite antigens as serological biomarkers of Plasmodium exposure or as biomarkers of immunity to help monitor changes in malaria transmission over time, to evaluate the impact of malaria control interventions, and to identify populations at high risk of developing symptomatic malaria to inform malaria control programs (33) (34) (35) (36) (37) . However, to achieve this, a greater knowledge of antibody responses to malaria antigens and how they are acquired relative to exposure, age, and immunity is needed (38) . Relatively little is known about the early acquisition and role of parasitespecific antibodies in young children, particularly in populations outside Africa, how such responses compare to responses in older children with higher levels of immunity, or the extent to which immunity may depend on the magnitude of antibody responses or the quality or nature of these responses (including antibody isotypes and IgG subclasses). Differences in levels and patterns of transmission of malaria, host and parasite genetics, and other population factors could potentially influence acquisition of humoral immunity and contribute to differences in antibody associations observed in different populations. The majority of studies examining the acquisition and role of malaria-specific antibodies in young children have been conducted in Africa. It is therefore desirable to examine this in additional cohort studies in geographically distinct populations to determine the generalizability of observations. A clear understanding of the human immune responses to malaria will facilitate rational vaccine design and evaluation in clinical trials. Defining the role of specific antibodies and whether they act to prevent symptomatic malaria or are indicators of an individual's previous exposure to Plasmodium infection will provide insight into how vaccines based on specific antigens may work. It may also enable the identification of potential endpoints for measuring the efficacy of vaccines in clinical trials.
In the present study, we aimed to determine the acquisition of antibodies, including IgM and IgG subclasses, to several merozoite antigens in a longitudinal cohort of young children aged 1 to 4 years resident in Papua New Guinea (PNG) who were actively acquiring immunity to P. falciparum malaria (39) . We examined the role of these antibodies in relation to the prospective risk of developing malaria to determine whether they may play a role in protection in this age group and evaluated the influences of age, active P. falciparum infection, and spatial heterogeneity in exposure levels to better understand the relationship between antibodies and malaria risk. Additionally, mol FOI (32) was measured by sensitive molecular methods, enabling us to derive new insights into the acquisition of immunity, to better understand the relationship between antibodies, heterogeneity in P. falciparum exposure, and malaria risk, and to evaluate mol FOI as a valuable tool for use in studies of human immunity. We have previously shown that antibodies to merozoite antigens are associated with a reduced risk of developing high-density parasitemia and symptomatic P. falciparum episodes in a cohort of older children (5 to 14 years of age) in PNG (23, 24) . Therefore, we also compared responses in two cohorts of young and older children to determine whether a threshold level of antibody may be required for protective immunity and whether the differences in the nature of antibody isotypes and IgG subclass responses may be related to protective immunity.
MATERIALS AND METHODS

Study population.
A cohort study was undertaken in the Ilaita area of Maprik District, East Sepik Province, Papua New Guinea. Details of the study are described elsewhere (39) . Briefly, 264 children aged 1 to 4 years (median, 1.70 years; range, 0.9 to 3.2 years) were enrolled in the study and venous blood was collected. Of these, 190 were enrolled at the start of the study and 74 over the 6 months that followed. Antibody assays were performed using samples from 183 of the 190 children enrolled at the commencement of the study. All data presented for the current analysis relate to these 183 children only. After enrollment, children were followed for a total of 16 months. Active morbidity surveillance was carried out every 2 weeks and involved clinical examination for signs and symptoms of malaria. Additionally, children were also actively checked for malaria infection every 8 weeks, with visits scheduled over 2 consecutive days (with 2 samples collected 24 h apart) to improve detection of low (L)-level infections. This sampling schedule was implemented to maximize detection of parasite clones while ensuring continued participant compliance. Passive case detection for reinfection and symptomatic illness was maintained at local health facilities. A clinical episode of P. falciparum malaria was defined as the presence of fever (axillary temperature of Ͼ37.5°C) and parasitemia at Ͼ2,500 parasites/l. All children with parasitologically confirmed malaria were treated with artemether-lumefantrine (Coartem), and children with moderate to severe anemia (hemoglobin [Hb] level of Ͻ7.5 g/dl) received artemether-lumefantrine and 4 weeks of iron and folate supplementation according to national treatment guidelines. At enrollment, 30 children were treated for symptomatic parasitemia. Parasite positivity was determined by semiquantitative post-PCR and ligase detection reactionfluorescent microsphere assay (LDR-FMA) (40) , and densities were determined by light microscopy. Plasma samples from anonymous Melbourne residents with no known previous exposure to malaria were included as negative controls in all assays.
Samples and data were also used from a second longitudinal study of 206 children aged 5 to 14 years in the Madang Province, PNG (24, 41) . At enrollment, all children received 7 days of artesunate orally to clear any parasitemia (treatment efficacy, 95%). The cohort was actively reviewed every 2 weeks for a 6-month period for symptomatic illness and parasitemia by PCR and microscopy. New infections were distinguished from treatment failures by merozoite surface protein 2 (MSP2) genotyping. A clinical episode of P. falciparum malaria was defined as fever and a P. falciparum parasite load of Ͼ5,000 parasites/l. Plasma samples collected at baseline were used in this study for comparisons with the cohort of younger children. ELISA. Samples collected from the enrollment bleed were used in the enzyme-linked immunosorbent assay (ELISA). Recombinant MSP1-19 (3D7 sequence), full-length MSP2 (FC27 and 3D7), and AMA-1 (full ectodomain; 3D7) were generated as 6His-tagged proteins in Escherichia coli using established methods (42, 43) ; the correct conformation of AMA-1 was confirmed by binding with monoclonal antibodies (MAbs) 1F9 and 2C5, which recognize conformationally dependent epitopes (44, 45) . Erythrocyte binding antigens (EBA) EBA175, EBA140, and EBA181 were expressed as glutathione S-transferase (GST) fusion proteins in E. coli (23) . A subset of samples was also tested for IgG responses to AMA-1 (W2mef). As the correlation between the IgG responses to the AMA-1 3D7 and W2mef alleles was very high (r ϭ 0.857), the analysis presented here was performed using data for AMA-1 3D7 only. Recombinant MSP2 and AMA-1 proteins were kindly provided by Robin Anders, La Trobe University, Australia.
ELISAs were performed using established methods (12, 23, 24 . The tertiary antibody for the subclass assays was a sheep anti-mouse antibody (Chemicon International, Temecula, CA, USA), used at 1:2,500. OPD (o-phenylenediamine dihydrochloride; Sigma, Castle Hill, Australia) was used as the substrate, and the reaction was stopped with 3 M hydrochloric acid. Optical density (OD) was measured at 492 nm. All samples were tested in duplicate, and samples were retested if there was a discrepancy of greater than 25% between duplicates. Standardization of the assays was achieved using positive-control plasma pools on each plate. Background values (determined by examination of wells with no plasma) were subtracted from the mean of the values determined for each sample, and a cutoff threshold for positivity was determined as the mean plus 3 standard deviations of the results determined for the nine negative-control plasma samples (Australian residents) included in each assay.
Determining the mol FOI. The molecular force of infection ( mol FOI) was used to define the number of new P. falciparum clones acquired during the study follow-up period. The mol FOI was determined using previously described methods (32) . Briefly, DNA samples were genotyped for merozoite surface protein 2 (MSP2) using capillary electrophoresis for fragment sizing as described in reference 46 with minor modifications (47) . High polymorphism of this marker was observed in this study population, with 52 different MSP2 genotypes identified (47) . A new infection was defined as any MSP2 genotype detected in a given 8-week interval that was not detected during the previous interval, and the number of infections with new genotypes was calculated for each individual (32) . Genotyping was undertaken on blood samples collected during both the morbidity surveillance and the 8 periods of weekly active surveillance.
Statistical analysis. Antibody levels were not normally distributed, so nonparametric tests were used for analyses. At baseline, the differences in median optical densities (ODs) corresponding to age and P. falciparum infection status (defined by LDR-FMA) were compared using KruskalWallis tests or Mann-Whitney U tests where appropriate, and correlations between ODs of different antibody responses were determined using Spearman's rank correlation. The association between the proportions of seropositive children according to age and P. falciparum infection status (defined by LDR-FMA) was assessed using chi-square tests. For determining the association between antibody levels and the presence of P. falciparum clinical malaria, children were stratified into three equal groups (tertiles), reflecting those exhibiting high (H)-level, medium (M)-level, and low (L)-level responses (i.e., high, medium, and low responders) according to the OD values for each antigen.
Children were followed up for a maximum of 8 periods during the study, each spanning 8 to 9 weeks and consisting of 3 fortnightly morbidity surveillance visits and concluding with the collection of 2 blood samples 24 h apart for active detection of malaria infection. Clinical malaria episodes were defined as a fever (i.e., axillary temperature Ͼ37.5°C) or history of fever during the previous 48 h in the presence of parasitemia at a density of Ͼ2,500 parasites/l detectable by the use of a light microscope (48) . Febrile episodes with only LDR-FMA-detectable parasite positivity were not considered to represent clinical episodes. For each 8-to 9-week follow-up interval, children were considered at risk from the first day after the second or only blood sample collected for active malaria follow-up was taken. Cross-sectional bleed days were therefore considered part of the preceding 8-to 9-week interval, and clinical episodes detected during these cross-sectional bleeds (2 samples were taken 24 h apart) were included in that interval. Children were considered not at risk at 2 weeks after treatment with artemether-lumefantrine and 4 weeks after treatment with amodiaquine (AQ) plus sulfadoxine-pyrimethamine (SP).
As previous analyses showed significant overdispersion in the number of episodes per child, a negative binomial model with generalized estimating equations (GEE) (based on an XTNBREG procedure) with an exchangeable correlation structure and a semirobust variance estimator was used for the analyses of incidence rates (39) . Prior analyses assessed a range of factors to determine their association with a risk of malaria in this cohort (39) . Based on these factors, the current analyses of antibody variables (tertiles to reflect low, medium, and high responses) were done using univariate analysis and adjusted for the predefined variables of village (11 categories), month (6 categories), year (continuous variable), age (continuous), P. falciparum infection status at the start of the interval (0 and 1, where "0" represents uninfected and "1" represents infected), prior drug use (2 categories), and average insecticide-treated net (ITN) use (continuous) (39) . The inclusion of P. vivax as a confounder had no impact on the estimates of the association between P. falciparum antibodies and the subsequent risk of clinical disease. Therefore, only P. falciparum was included as a variable in the analyses presented, to enable evaluation of species-specific infection with respect to species-specific exposures and outcomes. An interaction term between each antibody variable and follow-up interval was also examined to assess any changes of an effect over time. No significant evidence of an interaction was found (P Ͼ 0.1), so the interaction term between each antibody variable and follow-up interval was not included in the final model. The association of combinations of antibody responses was also assessed by analyzing all pairwise combinations, by fitting a model with two main effects and an interaction term. All analyses were done using the STATA 9.2 statistical software package (StataCorp, College Station, TX, USA).
Individual differences in exposure were calculated using mol FOI, defined as the number of genetically distinct P. falciparum clones a child acquired during 2-month intervals, expressed as the number of new infections per unit time. Samples from scheduled bleeds as well as morbidity surveillance were used. The force of infection for each child and interval was defined as the number of new clones acquired per year at risk (i.e., the molecular force of infection) and was cube-root transformed (32) .
RESULTS
Acquisition of antibodies to merozoite antigens in young children: influence of age, infection, and spatial heterogeneity. Antibody responses to blood-stage antigens MSP1-19, MSP2, and AMA-1 were determined at enrollment in 183 children, aged 1 to 4 years. Overall, the prevalences of IgM (31.2% to 63.4%) and IgG (43.7% to 61.2%) responses to various merozoite antigens in this age group were moderate and were lower than we had found previously for older children (aged 5 to 14 years) (see Table S1 in the supplemental material). For a given antigen, the prevalences of IgG and IgM were similar, with the exception of AMA-1 (IgM, 31.2%; IgG, 57.9%). Similarly, the prevalences of IgG subclass responses (33.9% to 63.9%) differed among the different antigens. In previous studies in PNG (23, 24, 49) , we found that the dominant IgG subclass responses among PNG children are comprised of IgG1 and IgG3, with very little IgG2 or IgG4, consistent with reports from African studies (18, (50) (51) (52) . Therefore, only IgG1 and IgG3 responses were examined in detail in the current study. For AMA-1 and MSP1-19, IgG1 levels were significantly higher than IgG3 levels (P ϭ 0.016 for MSP1-19; P Ͻ 0.001 for AMA-1). For MSP2, IgG3 was the dominant subclass for both alleles (P Ͻ 0.001 for both 3D7 and FC27) (data not shown).
IgG and IgM levels in response to all antigens increased significantly with age (for IgG, P Յ 0.005; for IgM, P Յ 0.001) ( Fig. 1 and data not shown). IgG1 and IgG3 subclass levels also increased significantly with age (for IgG1, P Յ 0.0009; for IgG3, P Յ 0.0045), with the exception of MSP1-19 IgG1 (P ϭ 0.247) and IgG3 (P ϭ 0.617) (data not shown).
At enrollment, 93 (50.8%) children were positive for P. falciparum (by LDR-FMA). Levels of IgM for the two MSP2 alleles were significantly higher in those children with detectable P. falciparum infection compared to parasite-negative individuals (P ϭ 0.0001; Fig. 1 ). Evidence for higher levels of IgM with P. falciparum infection at baseline was weaker for AMA-1 (P ϭ 0.089) and was not significant for MSP1-19 (P ϭ 0.425). IgG levels were significantly higher for all antigens in those children who were P. falciparum positive than in those who were parasite negative (P ϭ 0.0001) (data not shown). IgG1 and IgG3 levels were significantly higher in those children who had concurrent parasitemia than in those who were parasite negative (P Յ 0.0013), with the exception of IgG1 for MSP1-19, although the trend was still seen (P ϭ 0.062).
To better understand the acquisition of antibodies, we analyzed antibody levels stratified by age and the presence or absence of infection (Fig. 2) . In parasite-positive individuals, significant age associations, and higher-level responses, were generally seen. There was a significant increase in IgG1 and IgG3 levels with age for AMA-3D7 and the 2 MSP2 alleles (P Յ 0.013, except MSP2 FC27 IgG3, P ϭ 0.068). In parasite-negative individuals, there was evidence of a significant increase of antibody responses with age only for AMA-1 IgG1 (P ϭ 0.038) and MSP2 FC27 IgG1 (P ϭ 0.027). In contrast, IgG subclass responses to MSP1-19 did not 
FIG 2
IgG subclass responses in relation to age and P. falciparum infection status. Children (n ϭ 183) were divided into 4 age groups to examine associations with age. As indicated, the presence of P. falciparum was determined by PCR. Data are presented as box-and-whisker plots (boxes show medians and interquartile ranges; error bars show 95% confidence intervals).
significantly increase with age in parasite-positive or -negative individuals, suggesting that the presence of these antibodies is not strongly reflective of recent exposure. IgG levels were significantly associated with age in those that were parasite negative and parasite positive (P Յ 0.02), with the exception of MSP1-19 (P ϭ 0.24 in P. falciparum-positive children) (data not shown). Given the heterogeneity of malaria transmission levels in the study population (39) , and the interest in using antibodies as biomarkers of exposure in populations (38) , we then examined antibody responses relative to spatial heterogeneity in malaria transmission. Overall, antigen-specific antibody levels differed significantly (P Ͻ 0.001) when individuals were grouped by village of residence (Fig. 3) .
Coacquisition of different antibodies to merozoite antigens. To further understand the acquisition of immunity, we examined the coacquisition of multiple antibody types and specificities. IgG responses were significantly positively correlated between the different antigens, indicating coacquisition of IgG responses with different specificities, although the strength of correlations varied (r ϭ 0.51 to 0.73, P Ͻ 0.001) (see Table S2 in the supplemental material). Significant positive correlations between the IgM responses were also observed for the different antigens (r ϭ 0.39 to 0.76, P Ͻ 0.001) (see Table S2 ). Interestingly, IgM responses to MSP2 were significantly correlated with IgG responses to MSP2 and IgG responses to MSP1-19 and AMA-1 (r ϭ 0.38 to 0.48, P Ͻ 0.001). In contrast, IgM responses to MSP1-19 or AMA-1 were only weakly or were not significantly correlated with IgG responses (r ϭ 0.17 and P Ͻ 0.05 or r ϭ Ϫ0.5 and P Ͼ 0.10, respectively; see Table S2 ). These results suggest that the antibody responses are dominated by IgG for AMA-1 and MSP1-19; in contrast, there appears to have been greater coacquisition of IgM together with IgG for MSP2 than was seen for the other antigens. The IgG1 and IgG3 subclass responses were highly significantly correlated for a given antigen (r ϭ 0.58 to 0.87, P Ͻ 0.001) ( Table  1 ). IgG1 and IgG3 responses were highly correlated between the two MSP2 alleles (r ϭ 0.71 to 0.79, P Ͻ 0.001) and between the MSP2 alleles and AMA-1 (r ϭ 0.56 to 0.73, P Ͻ 0.001). Weaker correlations were observed between the subclass responses to MSP1-19 and the other antigens (r ϭ 0.21 to 0.48, P Ͻ 0.001).
We investigated whether antigen properties or host factors were the major determinants of IgG subclass responses to different merozoite antigens, by examining the relationship between IgG subclass responses between individuals for different antigens (24) . Individuals who were identified as high responders (defined as Ͼ50th percentile; n ϭ 92) for IgG3 to AMA-1 were no more likely to be high responders for IgG3 to MSP1-19 than for IgG1 to MSP1-19 (65% were high responders for IgG3 versus 55% for IgG1). Similarly, high responders for IgG1 to AMA-1 were no more likely to be high responders for IgG1 to MSP1-19 than for IgG3 to MSP1-19 (64% were high responders for IgG1 versus 69% for IgG3). Additionally, correlations between IgG3 responses to different antigens, or IgG1 responses to different antigens, were very similar to correlations for IgG1 versus IgG3 for different antigens (see Table S2 in the supplemental material), although there were some differences for AMA-1 correlations. These results suggest that antigen properties rather than host factors were the major determinants of IgG subclass responses to the different merozoite antigens.
Association between antibody responses and risk of symptomatic malaria. Individuals were allocated into three equally sized groups based on antibody levels measured at enrollment (high [H], medium [M] , and low [L]; based on tertiles) and were related to the prospective incidence of symptomatic P. falciparum malaria during the study follow-up period. In these analyses, high (H) or medium (M) responders were compared to low (L) responders.
Univariate analyses showed that children with high levels of AMA-1 IgG, IgG1, and IgG3 all had a significantly increased prospective risk of P. falciparum malaria during follow-up compared to children with low levels of antibodies (incidence rate ratio [IRR], 1.72 to 2.26, P Ͻ 0.001; Table 2 ). A similar increased risk was observed in children with high total IgG, IgG1, and IgG3 levels against both MSP2 allelic types (for 3D7, IRR of 1.66 to 1.91, P Ͻ 0.002; for FC27, IRR of 1.99 to 2.18, P Ͻ 0.001). Interestingly, high levels of antibodies specific for MSP1-19 were not consistently associated with an increased or decreased risk of P. falciparum malaria.
Individuals with high IgM responses to MSP2-FC27 and MSP2-3D7 had an increased prospective risk of P. falciparum malaria episodes during the study follow-up period compared to low responders (Table 2 ), but these were of borderline statistical significance (IRR of 1.29 and P ϭ 0.092 compared to IRR of 1.29 and P ϭ 0.086, respectively). No significant associations were observed for IgM responses to the other antigens. We also evaluated associations between antibodies and risk of symptomatic P. falciparum infection of any parasite density during the follow-up period; the associations were very similar to those for symptomatic malaria using a parasitemia density cutoff value of 2,500 parasites/l (see Table S3 in the supplemental material).
Previous analyses have identified several demographic, spatial, and temporal variables and use of bed nets as associated with risk of P. falciparum malaria in this cohort (39) . When adjustments were made using these variables as potential confounding factors, the strength and significance of associations between antibodies and the prospective risk of symptomatic malaria during the follow-up period were reduced for most antibody responses, suggesting that in this cohort, antibodies are markers for an increased malaria risk rather than being causally linked with malaria risk; this suggests that levels of antibodies are higher in children who have greater exposure to malaria. However, children with high IgG1 and IgG3 responses to MSP2-FC27 (adjusted incidence rate ratio [aIRR], 1.62 to 1.74, P Ͻ 0.02) and high IgG and IgG3 responses to AMA-1 (aIRR, 1.66 to 1.94, P Ͻ 0.02) still had a significantly increased risk of developing malaria after adjusting for potential confounding factors (Table 2 ). These data suggest that IgG subclass-specific antibodies to MSP2-FC27 and AMA-1 may be useful biomarkers of the risk of symptomatic malaria in this population by identifying groups of children with higher exposure to malaria or who reside in pockets of higher malaria transmission.
The association of antibody responses with incidence of P. falciparum infection was examined in a subset of individuals (n ϭ 16) who were high responders for all antigens. Following univariate analyses of data from these individuals, there was an increased risk for P. falciparum at a density of Ͼ2,500/l during the follow-up period (IRR of 1.45, P ϭ 0.058) ( Table 2 ) compared to other children in the cohort. Significance was lost following adjustment for potential confounders.
Association between antibodies, force of infection, and malaria risk. Heterogeneity in P. falciparum transmission intensity exists, even within small geographical areas, and this may lead to differences in malaria exposure (32) . In this study, we used a novel molecular marker of exposure in the cohort, mol FOI, and examined its relationship to antibody levels and associations with malaria risk. We examined IgG responses to merozoite antigens in relation to mol FOI. Overall, higher levels of IgG corresponding to merozoite antigens were observed with increasing mol FOI (Fig. 4) . This was seen primarily among children with active parasitemia at baseline, as this group had higher levels of antibodies and incidence of malaria, and this age association was significant for MSP2 and AMA-1 antibodies (P Ͻ 0.01) but not for MSP1-19. This suggests that antibodies are strongly linked with the individual exposure level in this cohort.
Heterogeneity in Plasmodium exposure can confound associations between measures of the immune response and risk of developing malaria (26) (27) (28) (29) (30) (31) . Previous analyses showed that mol FOI could explain the majority of malaria risk in this cohort (32) . Therefore, analyses examining associations between antibody responses and prospective risk of malaria were adjusted for mol FOI, an approach that has not been reported previously. Adjustment for mol FOI greatly reduced or eliminated the associations between antibodies and prospective risk of symptomatic P. falciparum infection at a density of Ͼ2,500/l and P. falciparum infection of any density during the follow-up period (Table 2; see also Table S3 in the supplemental material); this further indicates that levels of antibodies are highest in those with the greatest exposure to infection and risk of malaria rather than being causally related to the risk of malaria. Many antibody responses that were significantly associated with an increased risk of P. falciparum infection before adjustment became nonsignificantly associated with an increased risk of P. falciparum infection after adjusting for mol FOI. However, some weak associations remained after adjustment for AMA-1 IgG3 (aIRR-FOI, 1.44, P ϭ 0.009) and MSP2-FC27 IgG1 (aIRR-FOI, 1.32, P ϭ 0.050).
Contrasting malaria risk and IgG levels in two different cohorts. To understand how antibody levels might relate to protective associations, we compared levels of antibodies to MSP1-19, MSP2, and AMA-1 between children of this cohort and a previous cohort of older PNG children (5 to 14 years), in whom high antibody responses were associated with protection from symptomatic malaria (24) . Plasma samples from the top 25% of 1-to 4-year-old responders for each antigen in the current study were tested for antibody reactivity directly alongside a random selection of 5-to 14-year-old low, medium, and high responders from the previous study (Fig. 5 ). This allowed a direct assessment to determine whether insufficient antibody levels were a possible explanation for why antibodies in these younger children were not associated with protection from symptomatic malaria.
Children in the top quartile of responders from the 1-to 4-year-old cohort had substantially lower levels of antibodies compared with the older high responders, who were largely protected from malaria. The top quartile of responders among the 1-to 4-year-old children had (i) higher levels of MSP1-19 IgG than the low responders among the 5-to 14-year-old children (P ϭ 0.0003), but the levels were significantly less than those seen with the medium-or high-responder groups (P ϭ 0.0014 or P Ͻ 0.0001, respectively) (Fig. 5); (ii) AMA-1 IgG levels similar to those seen with the 5-to-14-year-old low responders (P ϭ 0.0772) and significantly lower levels than in the medium and high responders (P ϭ 0.0032 and P Ͻ 0.0001, respectively); and (iii) levels of MSP2 that were similar to those seen with the 5-to 14-year-old medium responders but were significantly lower than those seen with the high responders (for MSP2 3D7, P Ͻ 0.0002; for MSP2 FC27, P Ͻ 0.0001). These results demonstrate that the median IgG levels in even the group of highest responders among the 1-to 4-year-old children were below those in the children who had protective immunity in the older cohort of 5-to 14-year-old children. This suggests that children in the younger cohort had antibody levels below the threshold required for protective immunity. The patterns of IgG subclass responses to different antigens were very similar between the two cohorts, suggesting that this is not an explanation for the different antibody associations.
We further investigated differences in antibody associations between the two cohorts by comparing IgG responses to the EBAs, which are merozoite invasion ligands and emerging as important targets of acquired immunity (12, 23, 37, 53, 54) . Prior studies observed that IgG antibodies against the EBAs were among the responses most strongly associated with protective immunity in the cohort of older children, even after adjusting for potential confounders (23, 44) . In the cohort of 1-to 4-year-old children, we measured total IgG responses to EBA175, EBA140, and EBA181 and found that high levels of IgG were associated with an increased prospective risk of malaria episodes (IRR, 1.58 to 1.99, P Յ 0.005; Table 3 ), as seen for other merozoite antigens; this re- mained after adjustment for potential confounders (aIRR ϭ 1.48 and P ϭ 0.033 and aIRR ϭ 1.58 and P ϭ 0.029, respectively). In contrast, in the cohort of 5-to 14-year-old children, high levels of antibodies were significantly associated with protection from risk of malaria episodes (hazard ratio [HR], 0.2 to 0.32, P Յ 0.02). Similar trends of protective associations in the 5-to 14-year-old children were observed for MSP2 and AMA-1 antibodies, contrasting with the association with increased risk of malaria for antibodies in the 1-to 4-year-old cohort (Table 3) . These results suggest that while antibodies to merozoite antigens, including the EBAs, are associated with increased risk of malaria in younger children, these responses evolve to become biomarkers of protective immunity in older children.
DISCUSSION
Findings presented here provide important insights into understanding the acquisition of immunity in young children. Our key findings are that (i) acquisition of IgG subclass-specific responses to merozoites are associated with increasing age and are boosted by active infection, and levels are reflective of spatial heterogeneity a Antibody levels were grouped into tertiles and related to the prospective incidence of symptomatic P. falciparum malaria. High-level antibody responders (designated H) or medium-level antibody responders (designated M) were compared to low-level responders for each antigen. CI, confidence interval. Boldface data represent statistically significant associations (P Ͻ 0.05). b Values represent incidence rate ratio (IRR). c Adjustments were performed for the variables of village (11 categories), month (6 categories), year (continuous variable), age (continuous), P. falciparum infection status at the start of the interval (0 and 1), prior drug use (2 categories), and average ITN use (continuous) as defined previously (aIRR) (39) . d Adjustments were performed to account only for differences in exposure as defined previously (aIRR-FOI) (32) . e The prospective risk of malaria during the study follow-up period was examined in 16 individuals who were high-level responders for all antigens and was compared with the results determined for the rest of the cohort.
in exposure; (ii) there is early coacquisition of multiple antibodies, dominated by IgG1 and IgG3, but MSP2 responses are noted by significant coacquisition of IgM; (iii) antigen properties, rather than host factors, appear to be the main determinant of the type of IgG subclass response among individuals; (iv) antibodies reflect exposure and are predictive of malaria risk among young children in the early stages of acquiring immunity and evolve to become biomarkers of protective immunity among older children with greater exposure; (v) results suggest that antibodies may need to reach a threshold level before they are associated with immunity or are involved in mediating protection from malaria; and (vi) the novel molecular marker mol FOI closely reflects heterogeneity in malaria exposure and antibody acquisition and is a valuable tool for analyses of antibody associations with malaria risk.
In young children acquiring immunity, higher levels of antibodies to merozoite antigens of P. falciparum were not protective but were instead broadly predictive of an increased prospective risk of developing malaria. Our results suggest that high antibody levels identified children with greater malaria exposure and higher risk of P. falciparum exposure. Total IgG and IgG subclass responses to MSP2, AMA-1, EBA175, EBA140, and EBA181 were significantly associated with increased risk of malaria. Interestingly, responses to MSP1-19 were not significantly associated with risk. When associations were adjusted for markers of P. falciparum exposure (age, location, seasonality, concurrent P. falciparum infection, prior use of antimalarials, and ITN use [39] ), associations with increased malaria risk were reduced overall but remained significant for some responses. On the other hand, adjusting associations with mol FOI mostly eliminated these associations with risk. These findings support the conclusion that antibodies are good biomarkers of malaria risk in this young cohort, rather than mediating significant protective immunity, and that mol FOI is better able to capture heterogeneity in malaria exposure in the cohort and account for the association between antibodies and this increased risk of malaria than other parameters.
A previous study found that mol FOI was a major predictor of clinical disease in this cohort (32) . This molecular method estimates the number of distinct P. falciparum clones acquired during the study follow-up period, providing a more accurate estimation of individual malaria exposure than techniques such as light microscopy and standard PCR or demographic parameters (32) . Our analyses indicate that mol FOI, as a single parameter, is able to explain most of the increased risk associated with high antibody responses in this cohort. This is an important finding, and we believe that our study is the first to apply a sensitive measure of FOI in the evaluation of antibody-mediated immunity to P. falciparum. Previously, studies have not been able to define exposure to P. falciparum at an individual level, which has limited the interpretation of the relationship between antibodies and prospective malaria risk, particularly where extensive heterogeneity in exposure is present. It is possible that strain-specific immunity might protect against infection with specific clones, which may influence the estimation of mol FOI. However, this is likely to have minimal effect since acquired immunity generally protects against disease and not parasitemia per se (24) , and prior studies have established that mol FOI is a very good marker of malaria transmission (32) . Understanding how antibodies to merozoite antigens contribute to human antimalarial immunity has been complicated by inconsistent results regarding their protective associations in different studies (15) . Relatively little is known about the concentration, repertoire, and function of antibodies that are required to mediate immunity or serve as robust correlates of immunity. While a measure of antibody function would be valuable, the lack of robust assays has limited the inclusion of functional antibody measures to assess the contribution of antibody quality to immunity. The growth inhibition assay has yielded inconsistent results with respect to the role of growth inhibitory antibodies in protection (11, 55, 56) . More recently, opsonic phagocytosis assays (14) and neutrophil-based antibody-dependent respiratory burst assays (13) have been developed and applied to a limited number of cohort studies with results suggesting that these assays may function as correlates of immunity.
There is a large body of evidence suggesting that protection from malaria is dependent on high antibody concentrations (22-24, 49, 57-59) . We previously demonstrated that high levels of antibodies to AMA-1, MSP1-19, and MSP2 were significantly as- MSP2 3D7, and MSP2 FC27 in the top quartile of responders for each antigen in the group of children 1 to 4 years of age (1-3 yr HR group; age at enrollment) were compared with those of low, medium, and high responders in the group of children 5 to 14 years of age. Horizontal bars indicate median antibody levels, and P values refer to comparisons between the top quartile of responders from the group of 1-to 4-year-old children and each of the low, medium, and high responder groups of the 5-to 14-year-old children. LR, low responders; MR, medium responders; HR, high responders. (39) . d Values represent hazard ratios and were calculated using the Cox proportional hazards model as described previously (23) . e aHR, adjusted hazard ratio. Adjustments were performed for variables as defined previously (23).
sociated with protection from symptomatic malaria in older children in PNG and that the nature of the IgG subclass was important (24) . This suggests that the use of these antigens in the present study to assess acquisition of immunity was appropriate. IgG responses to EBA140, EBA175, and EBA181 were among those most strongly associated with protection from symptomatic malaria in the cohort of older children (23) but were similarly associated with increased risk in the cohort of younger children. Direct comparisons of antibody levels between these two cohorts suggested that a threshold level of antibodies may be required to mediate protective immunity, whereas the IgG subclass profiles of the two cohorts were similar. IgG responses were substantially lower in the younger cohort. The concept of a quantitative correlate of protection for malaria-specific antibodies has been briefly explored in African populations (22, 44, (57) (58) (59) . Our results support those of a recent study demonstrating the requirement for a "protective threshold" concentration of merozoite-specific antibodies for protection from clinical episodes of malaria (57) . These findings have important implications for understanding and assessing human immunity to malaria, for identifying populations at risk, and for the design of future immunoepidemiological studies that aim to assess the importance of humoral responses in protection from malaria. Our findings highlight how antibodies to merozoite antigens can be biomarkers of both increased malaria risk and protective immunity, depending on the population and the level of immunity (Fig. 6 ). In populations with limited cumulative exposure (e.g., young children or those living in areas of low transmission), levels of antibodies may be below a protective threshold and may be useful as biomarkers of past exposure and higher future malaria risk but poor biomarkers of clinical immunity. Such biomarkers may be particularly useful where exposure is heterogeneous. In some low-transmission settings, the protective threshold may never be reached because of insufficient or infrequent exposure to malaria infection. With increasing cumulative exposure, the value of these antibodies as biomarkers of exposure and/or risk of symptomatic malaria declines. Antibodies may reach a protective threshold level and evolve to become better biomarkers of immunity but poor biomarkers of increased risk of symptomatic malaria. Further studies in different settings and populations are needed to better define optimal antibody biomarkers of malaria (38) , and it should be noted that a protective threshold level of antibodies has not yet been defined. However, we believe that this model provides a framework for understanding divergent antibody associations. The utility of antibodies in serosurveillance is also dependent on the longevity of antibody responses in the absence of infection, which is currently poorly understood and appears to be highly variable among individuals (38, 60) .
The IgG subclass profiles observed in this cohort were in agreement with those seen in previous studies (17, 18, 20, 21, 24, 50, (61) (62) (63) (64) (65) , with an IgG1-dominant response observed for MSP1-19 and AMA-1 compared with the IgG3-dominant response observed for MSP2. Our analyses suggest that the nature of the IgG subclass response appeared to be mainly influenced by antigen properties rather than host factors, as we have reported previously (24) . The IgG subclass profile was very similar to that seen in our prior study of older PNG children and suggests that differences in the nature of the IgG subclass response do not account for the differences in the associations between antibodies and protective immunity in the two cohorts. Of further interest, the strong correlations observed between IgG and IgM responses to MSP2 suggest coacquisition of these responses, whereas this was not seen with MSP1-19 and AMA-1. These differences seen with IgM responses may reflect inherent structural differences in the antigens and/or the relative conservation of the epitopes that are targeted (MSP2 is intrinsically unstructured, in contrast to MSP1-19 and AMA-1), and this warrants further investigation.
In conclusion, these findings have implications for understanding human immunity to malaria, identifying targets of protective immune responses to facilitate vaccine development, and developing immune biomarkers of malaria exposure that could be used to enhance malaria control and elimination efforts. Our findings suggest that antibody responses can evolve from being biomarkers of malaria risk in populations with low immunity to being biomarkers of, and contributors to, protection from malaria in older individuals or in those with greater cumulative exposure. Furthermore, our data suggest that differing associations with protection between population-based studies may be related to differences in antibody levels between cohorts with a threshold antibody level required for protective immunity, which is supported by recent findings in an African population (57) . Our findings highlight the utility of serological approaches, and of mol FOI, in identifying populations at risk and assessing ongoing transmission of malaria in populations with low levels of immunity. antigens with changing malaria exposure and antibody levels. (A) Low antibody levels are not protective against malaria, but as antibody levels increase (with age and/or exposure) and reach a theoretical threshold, antibodies contribute to protective immunity and serve as biomarkers of malaria immunity. (B) Antibody levels may be valuable as biomarkers to predict malaria risk or protective immunity because they identify individuals who are being exposed to infection. In young children, or those with limited exposure, antibodies have a high predictive value for an increased risk of malaria and have a poor predictive value for protective immunity. As age or cumulative exposure or both increase, the predictive value of antibodies for increased risk of malaria declines to a point at which antibodies become better markers of protection from malaria.
